ABSTRACT Subsidence effects at the WIPP site were estimated using numerical methods as well as the influence function method and NCB method because a single Universally accepted method is not available for salt. The use of parallel methods and the agreement between their results gnxtly enhanced the confidence in the analysis because the prediction would not depend on the assumptions inherent in a single method.
INTRODUCTION
The WIPP intends to receive, handle, and permanently dispose of transuranic (TRU) waste. To fulfill this mission, the U.S. Department of Energy is constructing a full scale facility to demonstrate both technical and operational principles of the permanent isolation of TRU waste.
The underground facility consists of (1) the main shaft area and associated access drifts; (2) a waste emplacement area to the south of the main shaft area that consists of eight panels of seven rooms each to be used for the disposal of TRU radioactive waste (only Panel 1 is presently excavated); and (3) an experimental area for non-radioactive experiments developed to the north of the main shaft area. Area n This paper investigates various computer and noncomputer methods for predicting surface subsidence over the WIPP underground facility. It also compares the results of these methods to assess the level of confidence for applying these methods in bedded evaporite deposits.
GEOLOGY AND STRATIGRAPHY
The underground facility at the WIPP is located approximately 650 meters (m) below the surface in bedded salt of the Permian Salad0 Formation of southeast New Mexico. Figure 2 shows the generalized stratigraphy of the WIPP facility. Over 300 m of impermeable evaporite deposits separate the facility horizon from overlying sedimentary formations, and 600 m of evaporites lie below the facility horizon and provide a barrier against underlying Permian limestones and sandstones.
The facility horizon lies within an evaporite sequence consisting of halite, argillaceous halite, and polyhalite.
Observations indicate that these beds are laterally continuous. Generalized Stratigraphic Cross Section of the WIPP Site After excavation of an opening, stresses in the surrounding rock redistribute.
In rock salt, the excavation responds initially by elastic deformation due to stress redistribution, and subsequently by inelastic, time-dependent deformation due to deviatoric stresses.
As a result of this time-dependent behavior, hown as creep, the surrounding rock mass tends to slowly move toward and into the opening.
BACKGROUND
Previous subsidence predictions for the WIPP site have been presented in published reports (DOE, 1980, 1990; SNL/NM, 1991). These predictions were based on various methods and present a range of maximum subsidence values from 0.09 to 1.0 m. Investigation of subsidence has been performed for potash and salt mining operations around the world (Bawden and Mottahed, 1986; Salas, 1979; Steed et al., 1985; Whittaker and Reddish, 1989) .
The previous subsidence investigations in bedded potash and salt were reviewed to assess the subsidence prediction methods used and the applicability of each method to bedded evaporites.
The amount of vertical surface subsidence expected to occur over the WIPP underground facility was calculated using three different computer and noncomputer methods. A summary of the methods used and an analysis of their applicability to bedded evaporite deposits in southeast New Mexico are presented. The results of the subsidence prediction analyses for WIPP using these methods are also presented.
Subsidence Prediction Methods
This section presents calculational and computer modeling approaches pexformed to determine the surface subsidence over the WIPP underground facility. The influence function method estimates the amount of subsidence expected from the underground excavations. The National Coal Board (NCB) method (NCB, 1975) was also used for analysis of subsidence. A detailed description of the numerical modeling using the Fast Lagrangian Analysis of Continua (FLAC) code (Itasca, 1991) is also given.
4.1.1
Influence function method. The influence function method provides a profile of the expected shape of the subsidence trough and the lateral extent of influence on the surface subsidence. This method assumes that each point in an underground excavation has a circular region of influence on the surface subsidence around that point. Therefore, in an underground opening, neighboring extraction elements generate identical subsidence basins at the surface. By superimposing the influence of all extraction elements, it becomes possible to calculate the total subsidence of a given point at the surface. The limit angle determines the area of influence. The circle is centered on the surface and its radius is given by (Ibtzsch, 1983) :
where R is the radius of the influence area, H is the depth of the excavation and y is the limit angle from the horizon. Wiihin this influence area, the subsidence profile will gradually reach a maximum value, S , . The maximum expected subsidence is a function of the dimensions of the workings and therefore is directly proportional to the seam height and the extraction ratio:
the Influence Function and NCB subsidence prediction methods for the stratigraphy associated with the WIPP site.
In order to verify the applicability of the method to the particular stratigraphy found near the WIPP site, the Influence Function and NCB methods were applied to one of the potash mines located near the WIPP site.
Two profiles, representing two different areas of the potash mine and two different mining methods, were used to check the applicability of the methods to mining in the WIPP area.
The first profile, Profile A, represents a modified longwall mining operation. The depth of the underground workings is 305 m, the panel width is 457 m, the initial height of the opening was 2.13 m and the extraction ratio is 0.92 (Powers, 1993) . Field measurements of subsidence from the potash mine were used to compare the accuracy of the influence function method as applied to the potash mine stratigraphy. It is assumed that maximum subsidence was almost reached when the field data were taken. Figure 3 also presents the shape of the subsidence trough observed using the field measurements and provides a comparison with the predicted subsidence.
The calculated subsidence along Profie A substantially differs from the actual field data by overestimating the amount of subsidence observed. However, this profile is located in the comer of the mined area, which could limit the amount of observed subsidence. 
Validation of the Methods Using Area Potash Mines
Potash mining companies and their consultants performed the majority of the investigations of subsidence associated with potash mines in southeastern New Mexico. A summary of some of these reports and information received directly from the area potash mines is presented by Powers (1993). Subsidence observations from these WIPP area mines are extremely valuable for estimating the ground reaction and the amount and extent of surface subsidence to be expected over the WIPP underground.
Although the WLPP site is comparable to the potash mines in southeastern New Mexico, there are differences in stratigraphic position, depth, extraction ratio and layout. However, the overlying stratigraphic units are similar, as is the surface topography. The depth of the WIPP repository (approximately 650 m) is greater than the depth of most of the area potash mines.
The extraction ratios within the potash mines are typically about 65 percent or greater with local extraction ratios approaching 97 percent in certain cases. The proposed WIPP extraction ratio is about 22 percent (SNL/NM, 1991), which is much lower than the area potash mines and should produce much less subsidence at the surface. For Profile B, the subsidence factor was 0.95 because of the greater width of the excavation. The maximum surface subsidence was estimated to be 3.00 m. The predicted and actual subsidence profiles for both Profile A and B are presented in Elgure 4.
nodes of a regular grid overlaying a scale drawing of the WIPP underground. The influence factor was calculated for each node of the grid. Multiplying the influence factors by the maximum expected subsidence, a layout of the expected subsidence is obtained. Figure  5 presents the predicted subsidence contours for the WIPP. The maximum expected subsidence in the WIPP underground would be in the waste emplacement area and is predicted to be 056 m if the rooms are empty and 0.40 m if the foams are filled with TRU waste. Based on the results of this comparison, the NCB method appears to be a suitable tool for estimating total surface subsidence at excavations with high extraction ratios in the stratigraphy near the WIPP site.
Subsidence Prediction at WIPP
After validating the two subsidence prediction methods, they were applied to the WIPP site along with the FLAC model. The results a n presented below. The FLAC model was run to 380 model years. At that point, the maximum vertical subsidence was 0.48 m. Figure 8 shows the shape of the surface subsidence trough at various times. Figure 9 shows the variation in shape of the subsidence trough with depth. 
4.3.1

SUMMARY AND CONCLUSIONS
